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 As the production and use of nanomaterials increases, it is important to understand
their environmental and biological fate. Because their unmatched chemical, physical, and
optical properties make them useful in a wide variety of applications including biomedical
imaging, photo-voltaics, and light emitting diodes, the use of semiconductor nanocrystals
such as quantum dots (QDs) is increasing rapidly. Although QDs hold great potential in a
wide variety of industrial and consumer applications, the environmental implications of
these particles is largely unexplored. The nanocrystal core of many types of QDs contains
the toxic metal cadmium (Cd), so possible release of Cd from the QD core is cause for
concern. Because many types of QDs are miscible in water, QD interactions with aquatic
organisms and their environment require more attention. In the present study we used flu-
orometry to measure time and dose dependent uptake, accumulation, and post-exposure
clearance of accumulated QDs in the gut tract by the aquatic vertebrate Pimephales prome-
las. By using fluorometry, we were able to measure accumulated QD concentrations. To
our knowledge, this is the first reported attempt to quantify accumulated QDs in an organ-
ism and is an important step in understanding the interactions among QDs in aquatic
organisms and environments.
Keywords: quantum dots, nanotechnology, aquatic environment, dose response
INTRODUCTION
Quantum dots (QDs) are engineered semi-conductor nanocrystals
with unique chemical, physical, and optical properties that make them
useful in a wide variety of applications including light emitting diodes
(Caruge et al. 2008; Yeh et al. 2008), security inks (Abitbol and Gray
2009), quantum computing (Hennessy et al. 2007), photovoltaics
(Leschkies et al. 2007), and photodynamic cancer therapies (Juzenas et al.
2008). QDs’ fluorescence is arguably their most valuable property ren-
dering them superior to conventional fluorophores in both sensitivity
and stability, thus making them ideal for biomedical imaging and use as
Address correspondence to Roger A. Buchanan, P.O. Box 837, Arkansas State University,
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bioanalytical probes (Iga et al. 2007; Frasco and Chaniotakis 2009). The
shape and composition of QDs can be altered so that wavelengths of emit-
ted light range from the near ultraviolet to the infrared, and because of
their broad excitation range they can be “tuned” for simultaneous fluo-
rescent analysis of multiple cell components and molecules. The QD
semiconductor core is ~2 – 10 nm in diameter but after coating their final
size ranges from ~10 – 100 nm. Commercially available QDs typically con-
tain a semiconductor metalloid core of CdS, CdSe, CdTe, or PbS enclosed
by a layer of ZnS to add mechanical and photostability. QDs can then be
coated with a carboxyl- or amino-derivatized amphiphilic coating which
can further be functionalized with bioactive moieties (antibodies, recep-
tor ligands, peptides, PEG, etc.) increasing their utility for a broad range
of applications.
Although QDs are now in commercial production, however, to assure
that they are safely mainstreamed into commercial and clinical products
regulatory testing is being considered. If enacted, regulation may require
that the toxicity and biological fate of QDs be known including under-
standing the absorption, distribution, metabolism, and excretion kinetics
as well as the transportation and transformation of QDs in the environ-
ment (Pelley et al. 2009). Unfortunately, little is known about possible QD
absorption and translocation, much less their fate in aquatic environ-
ments. Some of the elements in the QD (e.g. cadmium, selenium) are
known toxicants to aquatic organisms, and it is has been demonstrated
that the core of CdSe-ZnS QDs can be exposed under oxidative environ-
mental conditions resulting in erosion of the nanocrystal core (Metz et al.
2008). It has also been demonstrated that QD surface chemistry is altered
by exposure to light affecting their toxicity and physiochemical charac-
teristics (Lee et al. 2009) and that they can be degraded by photo-
(Hardman 2005) and/or air-oxidation (Rzigalinski and Strobl 2009).
Therefore, the environmental fate and toxicity of QDs warrants further
study.
At present little is known about the stability, bioavailability, and toxic-
ity of QDs in aquatic environments; arguably even less is known about the
interactions between QDs and aquatic organisms. Recent studies have
begun to address such interactions. CdTe QD exposure to the freshwater
mussel, Elliptio complanata, resulted in Cd accumulation within the gills
and digestive glands and an increase in metallothionein production
(Peyrot et al. 2009). Incubation of CdSe/ZnS QDs with zebrafish embryos
resulted in observed toxic endpoints after 120-hr incubations (King-
Heiden et al. 2009). Our research group has demonstrated the time and
dose dependent accumulation of CdSe/ZnS QDs by the aquatic inverte-
brate Ceriodaphnia dubia (Ingle et al. 2008) as well as the food chain trans-
fer of CdSe/ZnS QDs from contaminated freshwater algae to C. dubia
(Bouldin et al. 2008). More recently we reported differences in the
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dietary and environmental uptake of QDs by juvenile Pimephales promelas
(SenGupta et al. 2009). In the present study we used fluorometry to char-
acterize time and dose dependent gut QD accumulation, to verify clear-
ance of accumulated QDs and to measure accumulated QD concentra-
tions in the intestinal tract by the aquatic vertebrate, P. promelas.
METHODS AND MATERIALS
P. promelas were obtained from the Arkansas State University
Ecotoxicology Research Facility where they were cultured in accordance
with US EPA protocol (US EPA 2002—EPA Protocol 821-R-02-013).
Dechlorinated tap water (DTW) was used for fish maintenance and QD
suspensions. Adult fish 6-8 months of age were maintained at a tempera-
ture of ~22oC and were fed dietary flakes (TetraMin® Tropical Flakes)
daily.
Commercially available Q-Dot® 655 ITKTM Carboxyl Quantum Dots
(Invitrogen, USA; Invitrogen part no Q21321MP) were used in all exper-
iments. These nanoparticles have an organic polymer coating with free
carboxyl groups on the surface and have a peak emission wavelength
between 651 and 659 nm. QDs were purchased in stock concentrations of
8 µM. Fluorescent readings throughout the experiments were taken using
a 340 nm narrow band excitation filter and a 635 nm sharp cutoff emis-
sion filter that passed light of wavelengths greater than 635 nm.
Aqueous exposure
Depending on the experiment, individuals were exposed to 0.1, 0.5,
1.0, or 2.0-nM QD suspensions for 5, 24, or 72-h. Exposure concentrations
were calculated based on manufacturers reported concentration of pur-
chased QDs. Each animal was put in a separate exposure chamber con-
taining 50 mL of the QD suspensions. No additional QDs were added to
suspensions during any exposure. To avoid QD loss of fluorescence due
to photo-oxidation, exposures were conducted in the dark (Lee et al.
2009). Control organisms were treated identically except no QDs were
added to the DTW used as an exposure media. All organisms were unfed
15 h prior to and during exposure. No toxicity or signs of stress (e.g. gulp-
ing air at the surface of exposure vessels) were associated with experi-
mental protocols or QD exposure were observed during the 72 h maxi-
mum exposure period in any experiment. All fish were weighed post
exposure and comparison of the weights of exposed and unexposed fish
revealed no significant difference in their sizes (p = 0.5702).
Tissue analysis
Fish were sacrificed post exposure and their intestinal tracts immedi-
ately dissected and weighed. Comparison of the masses of dissected intes-
Measurement of quantum dot accumulation by fish
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tines from control and exposed animals showed no significant difference
(p =0.7116). There was also no significant correlation between intestine
weight and calculated QD concentrations [QD] (R2 avg. = 0.3006).
Intestines were placed in a 15-mL centrifuge tube containing 3 g (3 mL)
of DTW water. Intestines were homogenized using a PT Polytron 3100®
tissue homogenizer ramped to 15,550 rpm over 8 s. To remove any
remaining solid particles that could interfere with fluorescence analysis
the resulting homogenate was placed in microcentrifuge tubes and cen-
trifuged for 3 min at 1.5g at 20oC. The pellet was discarded, and the
supernatant was centrifuged again for 3 min at 2.4g at 20oC. The remain-
ing supernatant was placed in cuvettes for fluorescence analysis using a
Quantech Digital Filter Fluorometer (model FM109555). Fluorescence of
each liquefied sample was measured with the fluorometer and reported
as “Fluorescence Intensity Units” (FIU). The FIU of each sample was
measured 5 times, and the mean value is reported for each sample.
[QD] measurements
QD suspensions of nominal concentrations ranging from 0.05 to 2
nM (y) were prepared in DTW and their FIUs (x) measured. Results were
plotted and a standard curve for each exposure was generated (Figure 1).
FIUs of fish tissue were then measured and if significant differences were
measured (p ≤ 0.05) between control and exposed tissue, [QD] were cal-
culated from the standard curve after accounting for tissue autofluores-
cence. FIU measurements were corrected for tissue autofluorescence by
subtracting the mean FIU of intestines from control fish (unexposed) in
each experiment from the FIU of intestine from each exposed fish in the
experiment. The corrected FIU was converted to [QD] using the stan-
dard curve. This value was then multiplied by a dilution factor:
Dilution factor = Mass of DTW(3g) / Mass of isolated intestine(g)
to determine the intestinal [QD] for each exposed fish. Additionally, bio-
concentration factors (BCF) were calculated by,
BCF = Intestine [QD] / Suspension [QD]
and fluorescence intensity per unit weight was determined by
FIU per unit mass = Intestine FIU / Intestine mass (g).
K. L. Leigh and others
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BioConcentration
Fish were exposed to 2.0-nM QD suspensions for 5, 24, or 72 h (n=10,
15, and 9, respectively). Control organisms were placed in DTW without
QDs for the same time periods (n=10 for all time periods). Fish were
exposed, dissected, and isolated intestinal tracts processed and analyzed
as described above.
Clearance
Following 24-h exposure to QD suspensions, fish (n=10) were
removed from the exposure chamber and placed in 250-mL DTW with-
out QDs for 24 h. Control fish (n=10) were treated identically except ini-
tial 24-h exposure did not contain QDs. Fish were processed and analyzed
as described above.
Dose response
Fish were exposed to 0.1, 0.5, 1.0, or 2.0-nM QD suspensions for 24 h
(n=10, 9, 9, and 15 respectively). Control organisms received identical
treatment with no QD exposure (n=10, 10, 8, and 10 respectively). Fish
were processed and analyzed as described above.
Effects of fish on QD suspension concentration
Ten exposure containers were filled with 50 mL of 2.0-nM QD sus-
pension. One fish was added to 5 of the containers. Control chambers
Measurement of quantum dot accumulation by fish
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FIGURE 1: Standard Curve. Example of a standard curve used to calculate [QD] in the gut of the
fish. A unique standard curve was developed for each exposure set to insure that instrument drift had
a minimal impact on results. All standard curves had a minimum R2 value of at least 0.94. All fluo-
rescence intensity measurements used an excitation λ = 340 ± 5 nm and emission λ ≥ 635 nm. 
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were identical except no fish were added. The fluorescence of each QD
suspension was measured at 0, 5, 24, and 72 h so that time-dependent
changes in fluorescence of QD suspensions with and without fish could
be compared.
Statistics
All tests for significance were conducted using the unpaired t-test with
Welch’s correction. P values less than 0.05 were considered significantly
different. Tests for normality were conducted using the D’Agostino &
Pearson omnibus normality test (alpha = 0.05) (GraphPad Prism® Version
5.0, 2007; GraphPad Software, Inc.), and all intestinal fish samples
passed.
RESULTS
Time dependent bioConcentration (Experiment 1)
Exposure to 2.0-nM QD suspensions for 5, 24, and 72 h revealed a
time dependent bioConcentration of QDs in the digestive tract of the
exposed fish (Figure 2). Following 5-h exposures, calculated average
[QD] of the intestine was ~15 nM, resulting in a bioconcentration factor
(BCF) of 7.5. After 24-h exposures the average intestinal [QD] was ~34
nM resulting in a BCF in the intestine of 17. QD bioConcentration by the
intestine during a 24 hr exposure was significantly different from the
bioConcentration after a 5 or 72 h exposure (p < 0.0043). After 72 h flu-
orescence in the intestine of exposed animals was less than that observed
from 24-h exposures, and average intestinal [QD] was ~13 nM, which was
not significantly different from 5-h exposures (p = 0.1484). All measured
intestine [QD] were significantly different from the [QD] in the suspen-
sion to which fish were exposed (p < 0.0001).
Clearance (Experiment 2)
Our data show that the fish are capable of clearing accumulated QDs
when placed in QD-free DTW following exposure. After 24 h in QD-free
DTW, the fluorescence intensity per unit mass of intestinal tracts dissect-
ed from unexposed (control) and exposed animals were not significantly
different (p = 0.7695). Thus no measurable amounts of QDs were found
in the intestine.
Dose response (Experiment 3)
Exposure to QD suspensions of different concentrations for 24 h
resulted in a dose-dependent accumulation of QDs in fish intestines
(Figure 3). Fluorescence from accumulated QDs in the fish gut was below
detectable levels after exposure to 0.1-nM QD suspensions. Exposure to
K. L. Leigh and others
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0.5-nM QD suspensions resulted in average intestinal [QD] of ~17-nM.
Exposure to 1.0 and 2.0-nM QD suspensions resulted in average intestin-
al [QD] of ~34-nM and ~32-nM, respectively. Intestinal [QD] measured in
fish from 1.0 and 2.0 nM QD suspensions were significantly different
from those measured after exposure to 0.5-nM QD suspensions (p <
0.0079).
Effects of presence of fish on [QD] Suspension (Experiment 4)
Because observed intestinal [QD] was less after a 72 than a 24-h expo-
sure (Figure 2), the effect of the presence of fish in the suspension was
evaluated by measuring the [QD] in suspension 0, 5, 24, and 72 h after
the introduction of fish (Figure 4). This was done to determine if, after
72 h under conditions used for exposure, QD fluorescence was dimin-
Measurement of quantum dot accumulation by fish
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FIGURE 2: Time Dependent BioConcentration. Fish were exposed to 2 nM QD suspensions for 5
(n=10), 24 (n=15), and 72 h (n=10). The gut of each fish was isolated, homogenized, and its fluo-
rescence measured with a fluorometer; Average intestinal [QD] were significantly greater than the
[QD] of the incubation suspension at all exposures (p < 0.0001). After 24-h exposures, average intes-
tinal [QD] was significantly greater than that of 5- and 72-h exposures (p < 0.0043). However, after
72-h incubations average intestinal [QD] were not significantly different than the average intestinal
[QD] after 5-h exposures (p = 0.1484). * – denotes significant difference from average intestinal
[QD] from 24-h exposures, τ – denotes significant difference from [QD] in exposure suspension. 
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ished even when fish were not present in the suspension. This experi-
ment also allowed comparison between decreases in fluorescence of the
QD suspensions that did or did not contain fish and was necessary to
characterize the fluorescence intensity of exposure suspension over time
to understand how time and the presence of fish each affected the fluo-
rescence of the exposure suspensions. As in previous experiments, all sus-
pensions were maintained in the dark to minimized photo-degradation of
QDs. The results of these experiments demonstrate that after 5 h the
presence of fish produced no measureable difference in the incubating
suspensions (p = 0.5594). However, after a 24- or 72-h exposure the pres-
ence of fish significantly accelerated the loss of the fluorescence intensi-
ty of the incubating suspensions (p = 0.0314 and 0.0144, respectively).
K. L. Leigh and others
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FIGURE 3: Dose Response. Average intestinal [QD] were measured after 24-h exposures to 0.1-nM,
0.5-nM, 1-nM, and 2-nM QD suspensions. No fluorescence was detectable in the intestines of fish
exposed to 0.1-nM QD suspensions for 24 h. This suggests that fish did not accumulate detectable
amounts of QDs when exposed to water containing 0.1-nM suspensions. However, average intestinal
[QD] after 24-h exposure to 0.5-nM, 1-nM, and 2-nM QD suspensions were ~17 nM (n=9), ~ 32 nM
(n=9), and ~34 nM (n=15), respectively. With the exception of fish exposed to 0.1 nM QDs, all meas-
ured accumulations were significantly greater than the [QD] in suspensions to which fish were
exposed (p < 0.0001). * denotes significant difference from average intestinal [QD] of fish from
other suspension concentrations. 
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DISCUSSION
In the present study, fish accumulated QDs in a time- and dose-
dependent manner. Although accumulation of QDs by other tissues
(brain, muscle, heart; data not shown) was assayed using fluorescence
microscopy and fluorometry, only in the isolated intestine were measura-
ble changes in FIU observed. This result is significant because it demon-
strates that QDs are accumulated in a major absorptive site upon exposure
to nM concentration of QDs (Experiment 1). The results also show that
the fathead minnow accumulates QDs against a significant concentration
gradient with intestinal accumulations ~ 35 times greater than the suspen-
sion medium during a 24-h exposure. This represents a considerable accu-
mulation of QDs after acute exposure. The mechanism by which QDs were
Measurement of quantum dot accumulation by fish
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FIGURE 4: Effects of presence of fish on [QD] of suspension. The fluorescence intensities of QD sus-
pensions that contained or did not contain fish (n = 5 for both groups) were measured at time points
of 0, 5, 24, and 72 h. [QD] were calculated for each condition and time point. Average fluorescence
of the exposure suspension declined over time for both groups. However, beginning at the 24-h time
point the decline in fluorescence intensity was greater in suspensions containing fish than in those
without fish, suggesting a fish/QD interaction. * – denotes significant difference of measured [QD]
of suspensions with fish compared to suspensions of the same exposure time without fish. 
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accumulated in the fish intestine is unknown. They may have been
absorbed by intestinal epithelial cells or remained in the intestinal lumen,
possibly because of interactions with other substances within the intestine.
While, at present, there is no information about the concentrations of
QDs likely to be found in aquatic systems, even a temporary accumulation
of QDs by the intestine may be cause for concern. QDs are known to
degrade in acidic or basic environments (Zhang et al. 2008), thus accu-
mulation of QDs in the acid environment of the fish intestine (Wiecinski
et al. 2009) may lead to accelerated QD degradation that could result in
release and subsequent absorption of Cd and Se by the fish. Thus, the
presence of even small amounts of QDs in aquatic environments could
have a significant impact on the health of fish.
However, after a 72-h exposure intestinal [QD] was significantly lower
than accumulation after a 24-h exposure to a suspension containing the
same amount of QDs (Experiment 2). This observation was unexpected,
but coincides with previous research from our group that showed a
decrease in the fluorescence intensity of C. dubia after 24-h QD exposures
(Ingle et al. 2008). One possible explanation for this observation is that
there is a maximum amount of QDs that can be bioConcentrated in the
fish intestine and that once this maximum is reached, further exposure
does not result in increased accumulation. However, if concentrated QDs
are translocated or structurally altered as a result of accumulation, there
are several other possible explanations for this observed response. For
example, it is possible that, in fish, accumulated QDs move from the
digestive tract to other tissues over time. If translocation of QDs occurred,
intestinal [QD] would decrease while the total bioconcentration of QDs
within the fish actually increased. Although other organs were assayed for
exposure associated increases in fluorescence, we were unable to measure
any increases in FIU in other tissues using these methods. This suggests
that intact QDs did not cross the intestinal epithelium, at least not in suf-
ficient number to be detected using fluorometry. It is also possible that
QDs were degraded after accumulation in the fish digestive tract. Others
have reported that degradation of QD structure decreases their fluores-
cence intensity (Lee et al. 2009). Thus, QD degradation in the fish diges-
tive tract might reduce fluorescence from intact QDs under our test con-
ditions. If QDs are degraded as they pass through the fish digestive sys-
tem, it would be cause for concern because it has been shown that
CdSe/ZnS QDs are much more toxic after ZnS cap degradation, pre-
sumably because the toxic metals in the core become bioavailable on the
QD surface (Derfus et al. 2004; Hardman 2005; Pelley et al. 2009). Both of
these explanations for the time-dependent decrease in accumulated
[QD] raise the possibility that by after a 72-hr exposure potential effects
of QDs accumulated in the intestine might be greater than fluorescence
data suggest. While the presence of Cd and other metals released by QD
K. L. Leigh and others
340
10
Dose-Response: An International Journal, Vol. 10 [2014], Iss. 3, Art. 6
https://scholarworks.umass.edu/dose_response/vol10/iss3/6
degradation could be measured in fish tissues, the primary purpose of
these experiments was to use fluorometry to measure QD accumulation,
so measurements of metals was beyond the scope of the study.
The results of Experiment 3 suggest that intestinal accumulation of
QDs after acute exposures is easily reversed. Within 24 h after exposure no
QDs could be detected in intestines of animals placed in DTW without QDs
for 24 h. This suggests that whatever the mechanism supporting intestinal
accumulation of QDs, the accumulation is not permanent so that even if
observed accumulations did result in negative health impacts, short-term
acute exposures to QDs might have much less effect than sustained expo-
sures. Although this result is encouraging, the possibility that QDs in the
intestine of exposed fish were degraded within 24 h cannot be disregarded.
If that occurred, fluorescence derived from QDs would not be present and
metal released by QD degradation might have been absorbed. Future
experiments to detect the presence and measure the amounts of metals in
the QDs need to be conducted to explore this possibility.
The results of Experiment 4 show that although under the exposure
conditions used in this study, fluorescence of QD suspensions decreases
slightly over 72 h, the presence of fish in the suspension greatly acceler-
ates this decrease. While this observation supports the possibility that
QDs are degraded resulting in a decrease in their fluorescence in the fish
intestine, there are other explanations for this result. For example, if QDs
are absorbed and being subsequently translocated from the fish intestine
to other tissues, the expected result would be that the fluorescence inten-
sity in suspensions containing fish would decline more rapidly than that
of suspensions without fish. Alternatively, because the surface of the sus-
pensions was in contact with ambient air, we cannot eliminate the possi-
bility that air-oxidation played a role in QD degradation in all QD sus-
pensions (Rzigalinski and Strobl 2009). However, if QDs were sponta-
neously degraded over time the presence of fish would have little effect
on the fluorescence of the suspension and it is unlikely that the presence
of fish in the 50-mL incubating suspension would have altered oxidative-
degradation. It is also plausible that the loss of measureable [QD] could
be attributed to external accumulation of QDs on the bodies and gills of
fish which would contribute to the loss of free QDs in the suspension
thereby decreasing the fluorescence intensity of the suspensions (Peyrot
et al. 2009).
While these data do not allow us to determine the reason for this
reduction in fluorescence intensity of incubation chambers containing
fish, they suggest that QDs in the fish intestine are either translocated to
other organs or that the presence of fish accelerates QD degradation.
Thus, these results warrant further study because they indicate that envi-
ronmental release of QDs may result in aquatic exposure to the toxic Cd
in the QD core via environmental or biological QD degradation.
Measurement of quantum dot accumulation by fish
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These results are, to our knowledge, the first report of measured
[QD] within an exposed organism and suggest QD accumulation in a
time and dose dependent manner by organisms exposed to sub-nanomo-
lar concentrations of QDs. In this study, fish appear to continue to accu-
mulate QDs against significant concentration gradients until intestinal
[QD] reaches approximately 30-nM. The accumulation can be detected
as long as fish are in QD-containing water. These measurements were
made only after acute exposures (maximum exposure of 72 h), and sug-
gest chronic studies must be performed to fully understand the
QD/aquatic environment interactions. These results also show the ability
of fish to clear accumulated QDs when placed in QD-free water. Finally,
our data also show that the presence of fish in the QD suspension
increased the rate at which the fluorescence intensity of the suspension
decreased a further indication of biotic uptake and/or degradation of
QDs. Therefore, these data are important to understanding the conse-
quences of QD contamination of aquatic environments and augment
existing reports of metal accumulations following exposure to QDs.
ACKNOWLEDGEMENT
The authors would like to acknowledge students and workers at the
Arkansas State University Ecotoxicology Research Facility for providing
fish. This research was funded by NIH Grant Number P20 RR-16430 from
the INBRE Program of the NCRR (Buchanan) and the Arkansas
Biosciences Institute (Buchanan and Leigh).
REFERENCES
Abitbol T, Gray DG. 2009. Incorporation into paper of cellulose triacetate films containing semicon-
ductor nanoparticles. Cellulose 16:319-326.
Bouldin JL, Ingle TM, Sengupta A, Alexander R, Hannigan RE, Buchanan RA. 2008. Aqueous toxic-
ity and food chain transfer of quantum dotsTM in freshwater algae and Ceriodaphnia dubia.
Environ. Toxicol. Chem. 27(9):1958-1963.
Caruge JM, Halpert JE, Wood V, Bulovic V, Bawend MG. 2008. Colloidal quantum-dot light-emitting
diodes with metal-oxide charge transport layers. Nat. Photonics 2:247.
Derfus AM, Chan WCW, Bhatia SN. 2004. Probing the cytotoxicity of semiconductor quantum dots.
Nano Lett. 4(1):11-18.
Frasco MF, Chaniotakis N. 2009. Bioconjugated quantum dots as fluorescent probes for bioanalytical
applications. Anal Bioanal Chem 396:229-240.
Hardman R. 2005. A toxicologic review of quantum dots: toxicity depends on physiochemical and
environmental factors. Environ. Health Perspect. 114(2):165-172.
Hennessy K, Badolato A, Winger M, Gerace D, Atature M, Gulde S, Falt S, Hu EL, Imamoglu A. 2007.
Quantum nature of a strongly coupled single quantum dot-cavity system. Nature 445:896-899.
Iga AM, Robertson JHP, Winslet MC, Seifalian AM. 2007. Clinical potential of quantum dots. J.
Biomed. Biotechnol. Article ID 76087:1–10
Ingle TM, Alexander R, Bouldin J, Buchanan R. 2008. Absorption of semiconductor nanocrystals by
the aquatic invertebrate Ceriodaphnia dubia. Bull Environ Contam Toxicol. 81:249-252.
Juzenas P, Chen W, Sun YP, Coelho MAN, Generalov R, Generalova N, Christensen IL. 2008.
Quantum dots and nanoparticles for photodynamic and radiation therapies of cancer. Adv. Drug
Delivery Rev. 60:1600-1614.
K. L. Leigh and others
342
12
Dose-Response: An International Journal, Vol. 10 [2014], Iss. 3, Art. 6
https://scholarworks.umass.edu/dose_response/vol10/iss3/6
King-Heiden TC, Wiecinski PN, Mangham AN, Metz KM, Nesbit D, Pedersen JA, Hamers RJ,
Heideman W, Peterson RE. 2009. Quantum dot nanotoxicity assessment using the zebrafish
embryo. Environ. Sci. & Technol. 43(5):1605-1611.
Lee J, Ji K, Kim J, Park C, Lim KH, Yoon TH, Choi K. 2009. Acute toxicity of two CdSe/ZnSe quan-
tum dots with different surface coating in Daphnia magna under various light conditions.
Environ. Toxicol. 6:593-600.
Leschkies KS, Divakar R, Basu J, Enache-Pommer E, Boercker JE, Carter CB, Kortshagen UR, Norris
DJ, Aydil ES. 2007. Photosensitization of ZnO nanowires with CdSe quantum dots for photo-
voltaic devices. Nano Lett. 7(6):1793-1798.
Metz KM, Mangham AN, Bierman MJ, Jin S, Hamers RJ, Pederson JA. 2008. Engineered nanomater-
ial transformation under oxidative environmental conditions: development of an in vitro bio-
mimetic assay. Environ Sci & Tech 43(5):1598-1604.
Pelley JL, Daar AS, Saner MA. 2009. State of academic knowledge on toxicity and biological fate of
quantum dots. Toxicol. Sci. 112(2):276-296.
Peyrot C, Gagnon C, Gagne F, Willkinson KJ, Turcotte P, Sauve S. 2009. Effects of cadmium telluride
quantum dots on cadmium bioaccumulation and metallothionein production to the freshwater
mussel, Elliptio complanata. Comp. Biochem. Physiol., Part C: Pharmacol., Toxicol. Endocrinol. 150:246-251.
Rzigalinski BA, Strobl JS. 2009. Cadmium-containing nanoparticles: perspectives on pharmacology
and toxicology of quantum dots. Toxicol. & Appl. Pharmacol. 238:280-288.
SenGupta A, Bouldin JL, Ingle TM, Buchanan RA 2009. Uptake and distribution of quantum dots in
Artemia franciscana and Pimephales promelas and a comparative study of dietary vs. aqueous uptake
in Pimephales promelas. Proceedings for the International Conference on the Environmental Implications
and Applications of Nanotechnology. http://scholarworks.umass.edu/tei/2/ p. 85-90.
U.S. Environmental Protection Agency. 2002. Short-term Methods for Estimating the Chronic Toxicity of
Effluents and Receiving Waters to Freshwater Organisms, 4th ed. EPA 821-R-02-013. National Center
for Environmental Publications, Cincinnati, OH.
Wiecinski PN, Metz KM, Mangham AN, Jacobson KH, Hamers RJ, Pedersen JA. 2009. Gastrointestinal
biodurability of engineered nanoparticles: Development of an in vitro assay. Nanotox. 3(3):202-214.
Yeh DM, Huang CF, Lu YC, Yang CC. 2008. White-light light-emitting device based on surface plas-
mon-enhanced CdSe/ZnS nanocrystal wavelength conversion on a blue/green two-color light-
emitting diode. Appl. Phys. Lett. 92. Article ID: 09112.
Zhang Y, Chen Y, Westerhoff P, Crittenden JC. 2008. Stability and removal of water soluble CdTe
quantum dots in water. Environ. Sci. Technol. 42:321-325.
Measurement of quantum dot accumulation by fish
343
13
Leigh et al.: Measurement of quantum dot accumulation by fish
Published by ScholarWorks@UMass Amherst, 2014
